Escherichia coli UvrD DNA helicase functions in several DNA repair processes. As a monomer, UvrD can translocate rapidly and processively along ssDNA; however, the monomer is a poor helicase. To unwind duplex DNA in vitro, UvrD needs to be activated either by self-assembly to form a dimer or by interaction with an accessory protein. However, the mechanism of activation is not understood. UvrD can exist in multiple conformations associated with the rotational conformational state of its 2B subdomain, and its helicase activity has been correlated with a closed 2B conformation. Using single-molecule total internal reflection fluorescence microscopy, we examined the rotational conformational states of the 2B subdomain of fluorescently labeled UvrD and their rates of interconversion. We find that the 2B subdomain of the UvrD monomer can rotate between an open and closed conformation as well as two highly populated intermediate states. The binding of a DNA substrate shifts the 2B conformation of a labeled UvrD monomer to a more open state that shows no helicase activity. The binding of a second unlabeled UvrD shifts the 2B conformation of the labeled UvrD to a more closed state resulting in activation of helicase activity. Binding of a monomer of the structurally similar Escherichia coli Rep helicase does not elicit this effect. This indicates that the helicase activity of a UvrD dimer is promoted via direct interactions between UvrD subunits that affect the rotational conformational state of its 2B subdomain.
Escherichia coli UvrD DNA helicase functions in several DNA repair processes. As a monomer, UvrD can translocate rapidly and processively along ssDNA; however, the monomer is a poor helicase. To unwind duplex DNA in vitro, UvrD needs to be activated either by self-assembly to form a dimer or by interaction with an accessory protein. However, the mechanism of activation is not understood. UvrD can exist in multiple conformations associated with the rotational conformational state of its 2B subdomain, and its helicase activity has been correlated with a closed 2B conformation. Using single-molecule total internal reflection fluorescence microscopy, we examined the rotational conformational states of the 2B subdomain of fluorescently labeled UvrD and their rates of interconversion. We find that the 2B subdomain of the UvrD monomer can rotate between an open and closed conformation as well as two highly populated intermediate states. The binding of a DNA substrate shifts the 2B conformation of a labeled UvrD monomer to a more open state that shows no helicase activity. The binding of a second unlabeled UvrD shifts the 2B conformation of the labeled UvrD to a more closed state resulting in activation of helicase activity. Binding of a monomer of the structurally similar Escherichia coli Rep helicase does not elicit this effect. This indicates that the helicase activity of a UvrD dimer is promoted via direct interactions between UvrD subunits that affect the rotational conformational state of its 2B subdomain.
single molecule | conformational heterogeneity | DNA motors | DNA repair U vrD from Escherichia coli is a nonhexameric SF1A DNA helicase/translocase, structurally similar to E. coli Rep and Bacillus stearothermophilus PcrA, which is involved in many aspects of genome maintenance (1, 2) , including DNA repair (3, 4) , replication (5) (6) (7) (8) , and recombination (7, (9) (10) (11) . Its ATPdependent activities include translocation along single-stranded (ss) DNA (12) (13) (14) (15) (16) , duplex DNA unwinding (17) (18) (19) (20) (21) (22) , displacement of RecA filaments from ssDNA (10, 11) , and pushing of proteins along ssDNA (23) .
The activities of UvrD can be modulated in vitro by its assembly state and/or by binding partners (1) . UvrD monomers can translocate directionally (3′ to 5′) along ssDNA [∼190 nucleotides (nts) s −1 ] (12, 13, 15, 16) , in a reaction that is tightly coupled to ATP hydrolysis (14) . However, UvrD monomers show little helicase activity (12, 16, 21, 24, 25) . In the absence of accessory proteins, helicase activity in vitro requires formation of a UvrD dimer (16, 21, (25) (26) (27) . The dimer unwinds dsDNA with rates of ∼70 base pair (bp) s −1 (20, 21, 24, 27) . Rep and PcrA monomers also show no helicase activity and require oligomerization or an accessory protein for helicase activity in vitro (28) (29) (30) (31) .
UvrD, Rep, and PcrA all contain four subdomains (1A, 2A, 1B, and 2B) (2, (32) (33) (34) (35) , and the 2B subdomain can undergo a substantial rotation about a hinge region connecting it to the 2A subdomain (2, 22, (32) (33) (34) (35) (36) (37) . A structure of an apo UvrD monomer shows the 2B subdomain in an open conformation (35) , whereas a structure of a UvrD monomer bound to an ss/ds DNA junction shows the 2B subdomain in a closed conformation (Fig. 1A) in which the 2B domain contacts the duplex DNA (2) . The positions of the 2B subdomain in its open and closed structures differ by an ∼160°rotation (2, 35) . The rotational state of the 2B subdomain in apo UvrD is influenced by salt concentration and type, with a closed conformation favored at low salt and an open conformation favored at high salt (35) .
Based on crystal structures, it has been proposed that the 2B subdomain plays a catalytic role in DNA unwinding for both UvrD (2) and PcrA (33) by binding to the duplex DNA. However, removal of the 2B subdomain in Rep to form RepΔ2B activates the helicase activity of the monomer (38, 39) . Therefore, the 2B subdomain is autoinhibitory for Rep monomer helicase activity and thus plays a regulatory, rather than a catalytic role (39) . Constraining the 2B subdomain of Rep in a closed conformation by chemical cross-linking also activates its monomer helicase activity (40) . Other studies indicate that a closed conformational state of the 2B subdomain in UvrD correlates with DNA unwinding activity. When a DNA substrate is under tension in an optical tweezers experiment, a UvrD monomer displays limited helicase activity but with low processivity (22) . During DNA unwinding, the 2B subdomain of UvrD is predominantly in a closed conformation, whereas upon switching to an open conformation, DNA unwinding activity is lost (22) . These studies also showed that a UvrD dimer unwinds DNA with higher processivity than a monomer (22) , but the basis for the higher processivity of the dimer remains unknown. One proposal is that dimerization activates helicase activity by influencing the rotational conformational state of the 2B subdomain (1, 22, 35, 38, 39) .
These studies point to the importance of understanding the dynamics of the 2B subdomain and its effect on the enzyme activities of SF1A helicases/translocases. Here we use single-molecule
Significance
UvrD helicase plays essential roles in multiple DNA metabolic processes. Although UvrD monomers can translocate along single-stranded DNA, processive DNA unwinding in vitro requires self-assembly to form at least a UvrD dimer. However, the mechanism of activation by dimerization is not known. Using single-molecule fluorescence approaches, we show that the 2B subdomain of UvrD can freely rotate among at least four substates. Binding of a DNA substrate to a UvrD monomer induces an open conformation that does not activate its helicase activity. UvrD dimerization on DNA is accompanied by closing of the 2B subdomain conformation and helicase activation. The results emphasize the important role of the 2B subdomain in regulating helicase activity.
Förster resonance energy transfer (FRET) to examine the rotational dynamics of the 2B subdomain in UvrD and show that activation of helicase activity by UvrD dimerization is accompanied by formation of a closed 2B subdomain conformational state.
Results
The 2B Subdomain Can Populate at Least Four Discrete Rotational Conformational States. We investigated the rotational dynamics of the 2B subdomain using single-molecule total internal reflection fluorescence microscopy (smTIRF). We used a previously characterized UvrD variant, UvrD[A100C, A473C] (referred to as DM-1B/2B), containing two Cys residues at positions 100 on the 1B subdomain and 473 on the 2B subdomain within an otherwise Cys-less UvrD, UvrDΔCys (35) , which also was biotinylated on its N terminus. The two Cys residues were labeled stochastically with Cy3 (donor) and Cy5 (acceptor) dyes that undergo FRET. These positions are highlighted in the closed and open conformations of UvrD in Fig. 1 . As shown previously, UvrD DM-1B/2B yields a high FRET signal when the 2B subdomain is in a closed conformation and a low FRET signal when the 2B subdomain is in an open conformation (35) . Previous ensemble studies of Cy3/Cy5-labeled DM-1B/2B showed that the Cy3 and Cy5 fluorescence changes are due entirely to FRET and that increasing the NaCl concentration from 20 to 600 mM induces a transition from a closed to an open 2B subdomain, with a transition midpoint of ∼60 mM NaCl at 25°C (35) .
UvrD monomers, labeled with Cy3 and Cy5 and biotinylated on its N terminus, were immobilized onto a NeutrAvidin surface ( Fig. 1) as described in Materials and Methods, and FRET signals of individual UvrD molecules were monitored by exciting Cy3 fluorescence with a 532-nm laser using smTIRF. An example smFRET trajectory in imaging buffer plus 60 mM NaCl is shown in Fig. 1B . This [NaCl] represents the midpoint in the FRET change as determined in previous ensemble studies (35) (see also Fig. 2D ). These smFRET trajectories indicate that the 2B subdomain undergoes dynamic movements relative to the 1B subdomain consistent with rotation of the 2B subdomain about the hinge region connecting it to the 2A subdomain. The FRET trajectories indicate that the 2B subdomain can populate at least four discrete substates, rather than only two states as seen in the two crystal structures (2, 35) . We refer to these four substates as S1, S2, S3, and S4, with S1 being the most open state with the lowest FRET efficiency (Fig. 1B) . At 60 mM NaCl the four FRET states interconvert freely in solution reflecting a dynamic heterogeneity in the 2B rotational conformational state. Estimates of the rates of interconversion among the four substates were obtained using hidden Markov analyses (41) , and these are shown in Fig.  1C . Direct transitions between the S1 and S4 states are observed only rarely. Because any transitions from S1 to S4 would need to go through the intermediate states S2 and S3, a direct transition between S1 and S4 would only be observed when the dwell times of the two intermediate states (S2 and S3) are very short.
We next examined the effect of [NaCl] on the distributions of the 2B conformational states. The same four FRET states are observed at each [NaCl] , with the relative populations of the four FRET states shifting with [NaCl] ( Fig. 2 A and B) (see Fig. S1 for examples of the smFRET trajectories at each [NaCl]). As observed in previous ensemble studies (35) , the average FRET efficiency for Cy3/Cy5-labeled DM-1B/2B decreases upon increasing the [NaCl] indicating a gradual opening of the 2B subdomain. The population distributions of the four FRET states redistribute with increasing [NaCl] so that the average FRET value decreases, consistent with previous ensemble FRET results (35) (Fig. 2D) . The major changes associated with the increase in [NaCl] from 20 to 600 mM NaCl are an increase in S1 population and a decrease in the S3 and S4 populations (Fig.  2C ). The S2 state shows relatively little change.
We compared the FRET efficiencies of the four substates to the expected FRET efficiencies of the two 2B conformational states observed in the two UvrD crystal structures (Fig. S2 ) using
, with R = 23 Å for the closed state (2), R = 64 Å for the open state (35) , and R 0 = 54 Å for the Cy3/ Cy5 pair (42) . The expected FRET efficiency of the open state in the apo UvrD crystal structure (35) agrees well with the observed S1 state FRET efficiency. However, the expected FRET efficiency estimated for the closed conformation in the UvrD-ss/ dsDNA crystal structure (2) is ∼1, much higher than observed for the most closed S4 state (∼0.79). This suggests that the most closed conformation (S4) that we observe for apo UvrD at low [NaCl] is more open than observed in the crystal structure. duplex [3′-(dT) 20 ds18 bp], in imaging buffer plus 2 mM MgCl 2 and 20 mM NaCl with or without 0.5 mM ATP-ɣ-S. As shown in Fig. 3 A and B , upon binding the DNA substrate the population of the S2 state increases, whereas that of the S4 state decreases resulting in a more open 2B conformation on average ( Fig. 3 B  and F) . Note that the most closed S4 state is the least populated. This agrees with previous ensemble studies indicating that the 2B conformation is shifted to a more open state when a UvrD monomer is bound to a ss/dsDNA substrate (35) . However, it is not consistent with the crystal structure of a UvrD monomer-ss/ dsDNA complex that shows the 2B subdomain in a much more closed state (2) . The addition of ATP-ɣ-S changes the population distribution only slightly, increasing the S3 population, while decreasing the S4 population ( Fig. 3 B and F) . The average conformation is still more open than observed in the crystal structure. When bound to the DNA substrate, UvrD monomers still exhibit dynamic interconversion among the four rotational conformational states (Fig. S3) .
UvrD Dimerization on DNA Shifts the 2B Conformation to a More Closed State. The DNA unwinding (helicase) activity of UvrD is stimulated greatly in vitro by UvrD dimerization (12, 16, 21, 24, 27) , although the molecular basis for this activation is not known. Based on our observation that the 2B subdomain of the E. coli Rep protein is autoinhibitory for Rep monomer helicase activity and that removal of the 2B subdomain activates the helicase activity of a Rep monomer (38, 39) , we hypothesized that UvrD dimerization might relieve a similar autoinhibition by affecting the 2B subdomain rotational conformational state. Indeed, upon addition of unlabeled UvrD to the surface bound Cy3/ Cy5 labeled UvrD monomer that is bound to a 3′-(dT 20 )-18 bp DNA substrate, we observe a shift in the population distribution of the 2B subdomain to the more closed conformations, with the most significant increase in the population of the most closed S4 state (Fig. 3 B, C, and F) . Therefore, binding of a second UvrD molecule induces a more closed 2B subdomain of the Cy3/ Cy5 labeled UvrD bound to the DNA. Inclusion of ATP-ɣ-S with the UvrD dimer-DNA complex results in a further increase in the S3 population at the expense of the S4 and S2 states (Fig. 3 C  and F) . Overall, inclusion of ATP-ɣ-S increases the population of the more closed S3 and S4 states relative to the more open S1 and S2 states. Whereas we observe dynamic transitions among the four conformational states for apo UvrD monomer and UvrD monomer bound to a DNA substrate as discussed above, we no longer observe these transitions upon formation of a UvrD dimer on the DNA. That is, although all four states are still observed, this 2B conformational state heterogeneity appears static on the time scale of our experiments (minutes) (Fig. S3) .
Maluf et al. (21) previously showed in ensemble studies that binding of a second wild-type UvrD to a UvrD monomer-DNA complex stimulated helicase activity, whereas binding of either a heterologous wt Rep monomer or an ATPase deficient UvrD mutant (K35I) did not stimulate helicase activity. In fact, the binding of neither UvrD(K35I) nor Rep to the UvrD(Cy3/Cy5)-DNA complex induces a more closed 2B conformation of the Cy3/Cy5 labeled UvrD; the population of the S4 state remains very low (Fig. 3 D, E , and G), even at 1 μM Rep.
DNA Unwinding Activity Correlates with the Closed S4 Conformational State. We next examined the DNA unwinding (helicase) activity of a UvrD monomer as well as a UvrD dimer to determine if there is any correlation with the 2B subdomain conformational states in imaging buffer plus 2 mM MgCl 2 , 20 mM NaCl. To monitor DNA unwinding, we used a short ss/dsDNA substrate described by Arslan et al. (40) containing a 3′-(dT) 20 binding site for UvrD attached to an 18-bp duplex DNA labeled with Cy3 and Cy5 at opposite ends of the duplex (Fig. 4A ) so that DNA unwinding results in an increase in FRET (increase in Cy5 fluorescence) and thus can be easily distinguished from photobleaching events. The expected unwinding time course for this DNA is depicted schematically in Fig. 4A and shows a gradual increase in FRET due to the fact that the Cy5 label moves closer to the Cy3 label as the DNA is unwound (stage II). The unwinding time is defined as the time difference between the start of the increase in FRET efficiency and when it reaches its maximum value. This is followed by a FRET plateau defined by a pause time (stage III), during which some conformational change may occur before release of the unwound DNA strand. The final release of the Cy5 labeled DNA strand (stage IV) leads to the disappearance of the Cy5 fluorescence and thus an increase in the Cy3 fluorescence resulting from the loss of FRET. In these experiments, a single unlabeled, biotinylated UvrD monomer was immobilized on the surface, and the Cy3/Cy5 labeled DNA was added to form a UvrD-DNA(Cy3/Cy5) complex as depicted in the UvrD 2B subdomain is observed to be mostly in the S2 and S3 states under this condition. However, upon addition of nonbiotinylated, unlabeled UvrD to form a UvrD dimer, plus ATP (5, 10, or 25 μM), significant DNA unwinding is observed (Fig. 4  B-D) . The percentage of DNA molecules unwound was 28% (37/ 132) at 5 μM ATP, 34% (35/103) at 10 μM ATP, and 35% (29/83) at 25 μM ATP. Under these same conditions, in separate experiments (Fig. 3 C, F, and G) , 33% of the Cy3/Cy5 labeled lead UvrD molecules are in the S4 conformational state. Hence, DNA helicase activity correlates with population of the most closed S4 state of the 2B subdomain.
The observed unwinding rates show the expected dependence on ATP concentration, with smaller average unwinding times at higher ATP concentrations (Fig. 4 B-D) . The histograms for each ATP concentration were fit to a gamma distribution that describes an n-step DNA unwinding model (43) (Materials and Methods). These distributions were then analyzed to obtain DNA unwinding rates, kinetic step sizes, number of steps, and stepping rates (Fig.  4E) , using the method of Neuman et al. (44) . The stepping rates (k = 4.0 ± 0.5, 4.6 ± 0.1, and 6.5 ± 0.7 steps/s) and the DNA unwinding rates (r = 13 ± 3, 15 ± 1, and 23 ± 5 bp/s) increase with ATP concentration (5, 10, and 25 μM ATP), whereas the kinetic step size (d = 3.3 ± 0.2 base pairs) and the number of steps (n = 5.4 ± 0.3 steps) are independent of [ATP]. These results are in agreement with previous ensemble DNA unwinding studies that reported a kinetic step size of 4 ± 1 bp (20) and a maximum DNA unwinding rate of ∼70 bp/s at saturating ATP concentrations (≥0.25 mM) (20, 21) . Similar results were obtained when the stepping rates and the step sizes were computed using the mean and variance of the unwinding times (44) (Fig. S4) . The average pausing time (Fig. S5) or the total unwinding time (Fig. S6) is also dependent on ATP concentrations suggesting that some additional enzymatic steps occur without measurable FRET changes.
Recall that under the conditions that result in DNA unwinding, where a second UvrD monomer is bound to the DNA, the 2B subdomain of the lead UvrD monomer is shifted to populate the S4 state (Fig. 3C ). This suggests that DNA unwinding requires the 2B subdomain of the lead UvrD subunit of the dimer to be in the more closed S4 conformational state. The fact that the binding of a second UvrD monomer facilitates this conformational shift provides direct evidence for interactions between the two UvrD monomers bound to the DNA substrate. That is, the two UvrD monomers interact to form a functional dimer, rather than functioning as two independent monomers, consistent with our previous conclusions (21, 27) .
In contrast to the above experiments showing DNA unwinding by a UvrD dimer, the addition of either Rep or an ATPase deficient UvrD(K35I) to the surface immobilized wtUvrD monomer bound to the Cy3/Cy5 labeled DNA did not stimulate the helicase activity of the wtUvrD monomer, even at 1 μM Rep or 0.5 μM UvrD(K35I). This result is consistent with previous ensemble kinetic studies (21) . The inability of Rep or UvrD(K35I) to stimulate DNA unwinding also correlates with their inability to induce the more closed S4 state of the lead UvrD monomer (Fig. 3 D and E) .
Discussion
The monomeric forms of E. coli Rep, E. coli UvrD, and B. stearothermophilus PcrA are poor helicases, although they are rapid and processive ssDNA translocases (12, 16, 21, 24, 27-30, 38, 39) . Significant helicase activity of Rep (28) , UvrD (21, 24, 27, 45) , and PcrA (30) in ensemble studies in vitro is only evident with enzyme in excess over DNA indicating that multiple monomers or an oligomeric form is responsible for helicase activity. Even in the absence of DNA, UvrD can self-assemble to form dimers and tetramers (45) and a preformed dimer possesses helicase activity (27) .
Crystal structures show that the 2B subdomains of UvrD, Rep, and PcrA can undergo substantial rotation about a hinge region connected to the 2A subdomain (2, (32) (33) (34) (35) . The helicase activity of a Rep monomer can be activated by removal of its 2B domain (38, 39) or by cross-linking the 2B subdomain in a closed state (40) . Recent studies have also shown that interaction of PcrA monomer with an accessory protein, RepD, activates helicase activity (31) and shifts the 2B subdomain to a closed state (40) . Finally, although helicase activity has been detected for a UvrD monomer, those experiments were performed with the DNA under tension, which may enhance monomer activity (22) . Under these conditions, monomer helicase activity was observed when its 2B subdomain was in a closed state. Under the same conditions, UvrD dimers displayed higher helicase activity with increased processivity (22) .
Here we show that the 2B subdomain of UvrD can populate at least four rotational substates, rather than the two open and closed states identified in crystal structures (2, 35) . These four states freely interconvert in the apo and DNA-bound UvrD monomer indicating dynamic heterogeneity. The distribution of substates is affected by salt concentration as well as DNA and ATP binding. Formation of a helicase active UvrD dimer shifts the 2B subdomain of the lead UvrD motor to the most closed 2B conformational state, S4. This state is not populated in a UvrD monomer-DNA complex but becomes significantly populated when a second UvrD binds to the DNA to form a dimer. Substitution of the second UvrD with Rep or an ATPase dead UvrD mutant does not activate the helicase activity (21) and also does not significantly populate the S4 state.
Whereas we observe a dynamic heterogeneity of conformational states for UvrD monomer, even when bound to DNA, these transitions are suppressed upon formation of a UvrD dimer on the DNA. That is, on the time scale of our experiments (minutes) the 2B conformational state heterogeneity is static. Therefore, only if one UvrD subunit dissociates from the DNA can the remaining UvrD monomer rapidly redistribute among its various 2B substates. Maluf et al. (27) showed that the pathway for UvrD dimer dissociation from DNA occurs mainly via dissociation of one UvrD with a rate constant of 0.030 ± 0.006 s −1 (i.e., a relaxation time of 34 ± 6 s). This slow dissociation is consistent with the apparent static heterogeneity that we observe for the 2B subdomain within UvrD dimers bound to DNA. The static heterogeneity that we observe here is reminiscent of that proposed by Liu et al. (46) to explain the variation in DNA unwinding rates among single molecules of RecBCD helicase.
It is not clear why a closed 2B subdomain is associated with helicase activity of UvrD, Rep, and PcrA. A UvrD monomer bound to a 3′-ss-dsDNA crystallizes with its 2B subdomain in a highly closed state (2). Based on this structure a model was proposed for how a UvrD monomer might unwind DNA, and this model presumes that interactions between the duplex DNA and the 2B subdomain in its closed state are functional for unwinding (2) . Our studies show that the 2B subdomain of a UvrD monomer bound to a 3′-ss/dsDNA substrate in solution populates the more open S1, S2, and S3 states but not the most closed S4 state. This suggests that conformational states observed in crystal structures are not necessarily representative of those in solution. The S1 state, which is most populated at high [NaCl], corresponds most closely to the conformational state exhibited in the apo UvrD crystal structure (35) . Even when UvrD is bound as a dimer to a 3′-ss/ds DNA substrate, promoting the more closed S4 state, this S4 state is still more open than the conformation observed in a UvrD-DNA substrate crystal structure (2). It is not clear whether a closed state of the 2B subdomain is needed to promote interactions with the duplex DNA or to alleviate an inhibitory effect. However, the fact that removal of the 2B subdomain activates the helicase activity of the structurally similar Rep monomer (38, 39) suggests that interactions of the 2B subdomain with the duplex are not generally important for SF1A helicase activity.
High ratios of UvrD to DNA are needed to observe robust helicase activity in vitro. However, complete unwinding of an ensemble population of DNA duplexes, even short ones, has never been observed in single round experiments even at saturating UvrD concentrations where UvrD dimers are populated (20, 21) . Our results provide an explanation for this observation. Even at UvrD concentrations that promote dimer formation, the 2B subdomain of the lead UvrD still exists in a distribution of conformational states that interconvert slowly. If only the subset of DNA molecules with the lead UvrD motor in the S4 state can initiate DNA unwinding, then complete unwinding of the DNA population would never be observed in a single round experiment (27) . In addition, a much slower second phase of DNA unwinding is always observed in such experiments (20, 21) . This slow phase must reflect a slow transition from an inactive to an active UvrD dimer, consistent with the static heterogeneity that we observe for UvrD dimers bound to a DNA substrate.
Our previous ensemble studies indicated that DNA unwinding by UvrD requires at least a dimeric form (21, 27) . However, evidence was lacking for direct interactions between two monomers (subunits). We suggested that dimerization might result in movement of the 2B domain to eliminate autoinhibition by this domain (1, 39) . Indeed, we show here that formation of an active UvrD dimer induces a rotation of the 2B domain to a closed (S4) state, and this correlates with DNA helicase activity. The inability of Rep to activate helicase activity of a UvrD monomer indicates a specific interaction between the two UvrD subunits as suggested previously (21, 27) .
Materials and Methods
Imaging buffer is 10 mM Tris·HCl, pH 8.3, at 25°C, 20% (vol/vol) glycerol, 3 mM Trolox, 0.1 mg/mL BSA, 0.8% (wt/vol) dextrose, 20 units/mL glucose oxidase, and 20 units/mL catalase. DNA was synthesized and purified as described (47) . ATP (Sigma Aldrich) and ATP-γ-S (Enzo) solutions were prepared as described (35) . UvrD proteins were purified and labeled as described (35) . Single-molecule FRET efficiencies were calculated after correction for Cy3 leakage into the Cy5 channel and instrument detection efficiencies (47, 48) (SI Materials and Methods).
